Major depressive disorder is associated with abnormal autonomic regulation which could be noninvasively studied using pupillometry. However, the studies in adolescent patients are rare. Therefore, we aimed to study the pupillary light reflex (PLR), which could provide novel important information about dynamic balance between sympathetic and parasympathetic nervous system in adolescent patients suffering from major depression. We have examined 25 depressive adolescent girls (age 15.2±0.3 year) prior to pharmacotherapy and 25 age/gender-matched healthy subjects. PLR parameters were measured separately for both eyes after 5 min of rest using Pupillometer PLR-2000 (NeurOptics, USA). The constriction percentual change for the left eye was significantly lower in depressive group compared to control group (-24.12±0.87 % vs.
Introduction
It is well-known that depressive disorder is associated with a deficient autonomic functioning associated with higher risk of cardiovascular adverse outcomes. For example, the studies revealed reduced cardiac vagal control and potential sympathetic overactivity using heart rate variability linear and nonlinear analysis in adolescent depressive patients (Tonhajzerova et al. 2010 , Tonhajzerova et al. 2012 . However, other authors found depression-linked abnormal autonomic control of different organs from cardiac modulation, e.g. gastric dysmotility caused by increased sympathetic modulation (Quick et al. 2010) . In this context, the study of various effector organs innervated by autonomic nervous system has attracted more attention.
Pupillometry represents a noninvasive measurement of pupil diameter providing important information about dynamic balance between sympathetic and parasympathetic nervous system under central autonomic control. Specifically, the sympathetic branch, mediated by posterior hypothalamic nuclei, produces Vol. 66 enlargement of the pupil by direct stimulation of the dilatator muscles. The contribution of the parasympathetic pathway is mediated by central inhibition of the Edinger-Westphal complex of the oculomotor nucleus in the midbrain as the motor center for parasympathetic pathway resulting in relaxation of the sphincter muscles and pupil dilatation (Steinhauer and Hakerem 1992) . Taken together, the pupil size is determined by the tone of two muscles, the dilatator and the constrictor, thus, the pupillary dilatation can be the result of a stimulation of the dilatator regulated by sympathetic activity or an inhibition of constrictor innervated by parasympathetic nervous system (Laeng et al. 2012) .
In this context, pupillary light reflex, i.e. pupil constriction in response to luminance increases, depends mainly on parasympathetic nervous system. Specifically, the afferent pathway from the retinal receptors involves only a synapse in the pretectum before secondary crossed and uncrossed projections reach the motor center in the third parasympathetic nerve -oculomotor nucleus. The efferent pathway involves a synapse at the ciliary ganglion, with the final neurons synapsing on pupillary sphincter to provide the major component of pupillary constriction (Steinhauer et al. 2000) . Further, recent studies have demonstrated that pupillary response is included in psychological processes such as attention, cognitive and emotional processing (Binda et al. 2013 , Jones et al. 2015 , Stone et al. 2016 , which abnormalities are associated with depression (Ottowitz et al. 2002) . Therefore, the pathway for the pupillary light reflex provides an optimal model for investigating autonomic, cognitive and emotional influences in depression.
In adult age, the findings of pupillary responses in patients suffering from major depression are controversial. While previous studies revealed no significant differences in pupil diameter in depressive patients (Sokolski et al. 2000 , Bär et al. 2004 , recent studies demonstrated smaller pupillary responses in lessmotivated and anxious depressed participants (Jones et al. 2015) , larger pupil area at the peak of constriction during pupillary light reflex in depressive patients (Wang et al. 2014) or positive correlation between pupil diameter stimulated by emotional sound and depressive score (Oguro et al. 2016) . However, the childhood and adolescence could represent a specific vulnerable developmental period to pupillary light reflex parameters (Daluwatte et al. 2012) and potential depression-induced abnormal central autonomic control due to brain maturational changes (Yang et al. 2007 , Thayer et al. 2009 ). Specifically, children and adolescents with major depression showed diminished pupil dilation to negative words (Silk et al. 2007) ; in contrast, already high risk youth with mothers' history of depression exhibit greater pupillary response to sad faces compared with children of nondepressed mothers (Burkhouse et al. 2014) .
We addressed the hypothesis that adolescent major depressive disorder could be associated with autonomic dysfunction resulting in abnormal pupillary light reflex. Thus, the aim of this study is to examine the pupillary light reflex in patients suffering from major depression at adolescent age. To the best of our knowledge, it is the first study to assess central autonomic control using pupillary light reflex in adolescent depression.
Methods

Subjects
We 
Ethics Statement
The study was approved by the Ethics Committee of Jessenius Faculty of Medicine in Martin, Comenius University in Bratislava in accordance with the 1964 Helsinki declaration and its later amendments. All participants and their parents were carefully instructed about the study protocol and they gave written informed consent prior to examination.
Study protocol
All subjects were examined in a quiet darkened room with the same light intensity under standard conditions (temperature: 22-23 °C) with minimization of stimuli in the morning between 8:00 and 11:30 a.m. after a normal breakfast. After 15 min of adaptation to the conditions of examination room the participants were instructed to lie comfortably in a special bed and rest in supine position for 5 min. Then, the parameters of pupillary light reflex were assessed separately for both eyes using a handheld infrared optical scanner Pupillometer PLR-2000 (NeurOptics, USA) with a sampling frequency 32 Hz and accuracy 0.1 mm. During the measurement the participants were asked to keep their head straight, fix their gaze on a spot located at a distance of 3 m and keep both eyes wide open without blinking. The pupillometer was kept at a right angle to the subject's axis of vision without tilting of the device. The margins of the pupil were electronically detected under infrared illumination and tracked during 5 s of continuous recording of the pupil after application of light stimulus with intensity of 180 microwatts and duration 154 milliseconds.
Evaluated parameters
The diameter of the pupil in millimeters was assessed before the application of light stimulus (initial value, INIT) and after illumination at the peak of the constriction (final value, END). The constriction amplitude in millimeters was calculated as INIT -END, and the percentual change (DELTA) of the pupil diameter during constriction was calculated as DELTA = (INIT -END) / INIT x 100 %.
In addition, following parameters of the dynamics of pupillary light reflex were assessed: the time of the onset of the constriction after application of light stimulus (latency, LAT), average constriction velocity (ACV, mm/s), maximum constriction velocity (MCV, mm/s), and average dilatation velocity after having reached the peak of the constriction (ADV, mm/s).
Statistical analysis
The data were analysed using statistical software package SYSTAT 10 (Cranes Software International Ltd, USA). The non-Gaussian/Gaussian distribution was ascertained by Shapiro-Wilk normality test and all the data showed Gaussian distribution. Consecutively, Student's unpaired test was used for between-groups comparison and Student's paired test for comparison of the side differences. The probabilities p<0.05 were considered as significant. The data are expressed as mean ± SEM.
Results
Between-groups comparisons
Regarding the left eye, the parameter DELTA representing the constriction percentual change was significantly lower in depressive group compared to control group (-24.12±0.87 % vs. -28.04±0.96 %, p˂0.01). Furthermore, average constriction velocity (ACV) and maximum constriction velocity (MCV) were significantly shortened in depressive group compared to control group for the left eye (p˂0.05, p˂0.01, respectively). No significant differences were found in the remaining parameters -initial diameter (INIT), final diameter (END), latency (LAT) and average dilatation velocity (ADV) for left eye. In contrast, statistical analysis revealed no significant between-groups differences in parameters of pupillary light reflex for the right eye (Table 1) .
Side differences
No significant differences between the left and right eyes were found in parameters of pupillary light reflex in alone depressive and control groups.
Discussion
In this study, we assessed central autonomic activity using pupillary light reflex (PLR) in adolescent major depression. The major findings of this study are following: 1) the pupillary light reflex was diminished in adolescent patients suffering from depressive disorder; 2) the pupil response to light was different between left and right eye in adolescent major depression compared to controls. It seems that discrete abnormalities in central autonomic integrity resulting in atypical PLR pattern for left eye could characterize major depression already in adolescent age-period. MDD -major depressive disorder, INIT -diameter of the pupil before the application of light stimulus, END -diameter of the pupil at the peak of the constriction, Constriction -constriction amplitude, DELTA -percentual change of the diameter of the pupil, LAT -time of the constriction onset after application of light stimulus, ACV -average constriction velocity, MCV -maximum constriction velocity, ADV -average dilatation velocity. Values are expressed as mean ± SEM. Probability p<0.05 was considered as significant.
Specifically, the parasympathetic subdivision plays a dominant role during the pupil constriction phase, and both parasympathetic and sympathetic nervous system innervate the pupil in the beginning of the PLR redilatation phase. In this context, reduced parasympathetic activity is characterized by PLR longer constriction latency, slower maximum constriction velocity and smaller constriction amplitude (Lowenstein and Loewenfeld 1950). Thus, our results of altered PLR parameters -smaller percentual change of constriction amplitude associated with slower average and maximum constriction velocity could indicate a deficient parasympathetic activity in adolescent major depression. These findings are in agreement with studies regarding depression-linked PLR abnormalities in adult depressive patients, and extend them into adolescent age-period. Moreover, the indices associated with dilatation phase expressing predominantly sympathetic activation (Wang et al. 2016) were without significant differences between depression and control groups. Several explanations are assumed.
Firstly, the primary circuit responsible for the pupillary constriction in response to light is subcortical, with the Edinger-Westphal nucleus receiving excitatory input from the pretectal olivary nucleus activated by retinal ganglion cells (Güler et al. 2008) . Specifically, the light falling on the retina leads to increased neural activity in the pretectal regions, consequent activation of preganglionic parasympathetic neurons innervating the ciliary ganglion, and to the activation of the constrictor muscle resulting in pupil constriction (Thompson 1992, McDougal and Gamlin 2015) . Therefore, the diminished PLR found in adolescent depressive girls could be explained by reduction of activity in preganglionic parasympathetic fibers and ciliary ganglion neurons. Moreover, the ciliary ganglion and constrictor muscles contain acetylcholine receptors. Acetylcholine as a principal neurotransmitter of the parasympathetic nervous system reacts rapidly, therefore, it is associated with the phase of constriction (Wang et al. 2016) . Thus, reduced parasympathetic activity indexed by PLR measures could reflect depression-related cholinergic deficiency, as suggested in recent studies (Wang et al. 2014) . It is important to note that this circuit is modulated by several inputs, such as anatomical projections from the visual cortex and from the superior colliculus to the pretectal olivary nucleus and by receiving excitatory input from extrastriate visual areas (Binda et al. 2013) . In this context, we could speculate that our finding of reduced parasympathetic-linked PLR control could be affected by the more widespread complex neuropathological abnormalities associated with major depression, e.g. altered neurotransmitter functioning within occipital cortex characterized by lower levels of gamma-aminobutyric acid as well as N-acetylaspartate, and by increased concentrations of glutamate and glutamine (Bhagwagar et al. 2007) .
Furthermore, the PLR is directly innervated by neural circuitry implicated in physiological arousal including subcortical brain structure locus coeruleus. Importantly, the Edinger-Westphal region receives inhibitory input from the locus coeruleus, and a reduction in this inhibitory input can result in pupil constriction (Wilhelm et al. 2002, Aston-Jones and Cohen 2005) . In other words, the activity of parasympathetic oculomotor center is inhibited by the sympathetic-linked noradrenergic systems' locus coeruleus (Wilhelm et al. 1999) . Therefore, the relative sympathetic dominance could represent one of potential pathomechanisms leading to abnormal pupillary light reflex in major depression: if sympathetic nervous activity is higher, the neural inhibitory mechanism on Edinger-Westphal nucleus will be excited resulting in pupillary dilatation (Laeng et al. 2012 ). This finding is in accordance with our previous study revealed significantly higher cardiac beta-adrenergic activity in adolescent major depression (Tonhajzerova et al. 2010) . Taken together, diminished PLR in constriction phase might indicate relative dominance of central sympathetic control associated with parasympathetic underactivity at the level of subcortical centers in adolescent depressive patients.
Notably, the parasympathetic center for pupillary constriction -Edinger-Westphal region is also modulated by inhibitory influences from descending cortical pathways (Steinhaer and Hakerem 1992) . In particular, cognitive load associated with prefrontal and frontal cortical functioning contributes to this inhibitory process mediated by direct cortical and indirect corticothalamic-hypothalamic pathways resulting in inhibition of the Edinger-Westphal region. Moreover, the general increase in inhibition during a sustained performance of difficult task may include contributions of reticular pathways contributing to arousal, which also affect the Edinger-Westphal complex (Steinhauer et al. 2004) . Recent studies showed abnormal functioning of prefrontal cortical activity resulting in deficient inhibitory influence on parasympathetic oculomotor complex in depressive patients (Siegle et al. 2011) ; therefore, it might represent a potential mechanism leading to diminished PLR found in our depressive patients.
Further, potential brain mechanisms of altered pupillary light reflex in adolescent depression could include impaired reactivity in emotional circuitry, such as amygdala or anterior cingulate cortex (Laeng et al. 2012) . Several recent studies showed diminished pupil dilatation to negative words in children with major depression (Silk et al. 2007) , or increased pupil dilatation to sad faces in children of mothers with a history of major depression compared to children of nondepressed mothers (Burkhouse et al. 2014) . Moreover, objective measurements based on concurrent pupillary and functional magnetic resonance imaging studies suggest that pupil response provides information related to brain structures included in cognitive-affective regulation (Siegle et al. 2003) . Taken together, it seems that complex central network consisting of multiple brain regions and pathways implicated in cognitive-affective regulation could affect pupillary response to light in major depression.
It is important to note that the PLR parameters associated with constriction phase (constriction ratio, maximum constriction acceleration and velocity) positively correlated with heart rate variability (HRV) measures indicating cardiac vagal activity (HF-HRV, rMSSD, pNN50) in healthy subjects (Kaltsatou et al. 2011) . In this context, our previous studies revealed impaired complex cardiac vagal control indexed by linear as well as nonlinear HRV measures in adolescent major depression (Tonhajzerova et al. 2009 , Tonhajzerova et al. 2010 , Tonhajzerova et al. 2012 . It seems that central brain control areas for pupil and heart autonomic regulation are mutually interconnected. Specifically, the central autonomic network (Benarroch 1993) as a highly integrated system regulating complex cardiac integrity includes the brain areas associated with both cognitive and emotional processing, such as prefrontal cortex, anterior cingulate cortex or amygdala which also play an important role in control of pupillary responses (Laeng et al. 2012) . Thus, we assume that adolescent major depression could be characterized by abnormal complex Vol. 66 central autonomic regulation in the pattern of parasympathetic-linked underactivity with potential sympathetic dominance resulting in abnormal peripheral effectors' responses. Further research in this field is needed.
Interestingly, despite the fact that differences between the left and right eye were not found in alone control or depressive group, only PLR parameters from the left eye significantly differed between groupsdepression vs. controls. This finding could be related to the effect of hemispheric lateralization of cortical autonomic control where parasympathetic activity is considered to be under dominant influence of the left hemisphere, as found in the studies of cardiovascular autonomic regulation (Wittling et al. 1998 , Hilz et al. 2001 , Guo et al. 2016 . However, it is not clear if the same applies also for the laterality of the autonomic control of the PLR. Importantly, Bär et al. (2005) found that parasympathetic parameters of the PLR were more pronounced for the right in contrast to the left eye. Therefore, it is unclear whether our findings of reduced parasympathetic activity in depressive group indexed by the PLR measures (MCV, DELTA, ACV) from the left eye could reflect an alteration of the autonomic modulatory pathway from the left hemisphere, or whether it could indicate greater sensitivity of the left eye to discrete autonomic abnormalities compared to parasympathetically-dominated right eye. Future research based on functional imaging methods might elucidate this issue.
Finally, the abnormal PLR could be related to subclinical and latent symptoms of anxiety in major depression. Recent studies concluded that arousal associated with anxiety contributes to inhibition of the pupillary light reaction. In particular, the patients with anxiety disorders have shown decreased pupillary responses to light compared to controls, though initial diameters did not differ (Bakes et al. 1990 , Jones et al. 2015 . Thus, it is questionable whether our results of diminished PLR indicate pure abnormalities in complex central autonomic network regulating pupil light reflex, or they are related to clinically asymptomatic and latent comorbid anxiety disorder in adolescent patients with major depression. Longitudinal study could help to resolve this question.
Limitations
Potential limitation of our study is a relatively small homogeneous group of female patients with major depressive disorder. From this point of view, the findings of this study cannot be extrapolated to general population and need to be independently validated in larger groups of patients with respect to gender differences.
Conclusions
Our study revealed diminished pupillary light reflex for left eye in girls suffering from major depression which could indicate abnormal depression-linked central parasympathetic control already in adolescent age. Additionally, the different results for left and right eye could be related to the effect of lateralization of cortical centers regulating autonomic nervous system.
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